Cancerous and normal ex vivo human breast tissues were investigated using spectroscopic and time-sliced two-dimensional (2-D) transillumination imaging methods in order to demonstrate the importance and potential of spectral and temporal measurements in breast cancer detection and diagnosis. The experimental arrangement for time-sliced optical imaging used 120 fs, 1 kHz repetition-rate, 800 nm light pulses from a Ti:sapphire laser system for sample illumination, and a 80 ps resolution ultrafast gated intensified camera system for recording 2-D time-sliced images. The spectroscopic imaging arrangement used 1225-1300 nm tunable output of a Cr: forsterite laser for sample illumination, a Fourier space gate to discriminate against multiple-scattered light, and a near-infrared area camera to record 2-D images. Images recorded with earlier temporal slices of transmitted light highlighted tumors, while those recorded with later slices accentuated normal tissues. When light was tuned closer to the 1203 nm absorption resonance of adipose tissues, a marked enhancement in contrast between the images of adipose and fibrous tissues was observed. A similar wavelengthdependent difference between normal and cancerous tissues was observed. These results correlate well with pathology and nuclear magnetic resonance based analyses of the samples.
Introduction
Optical mammography, imaging of the interior structure and optical properties of human breast using light, is an actively pursued area of research that derives from a need for safe, non-invasive, and affordable modality for early detection and diagnosis of breast cancer (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Diagnostic potential based on molecular spectroscopic signatures is the key advantage that optical mammography promises over other breast imaging modalities, such, as x-ray mammography and ultrasound in healthcare for women (2, 3) . In 1929 Cutler made the first attempt at optical imaging of breast using white light to illuminate the breast and looked for pathology in the transmitted light (1). The paucity of adequate light sources, poor spatial resolution of the images, and the rapid advance of xray mammography stymied the development of diaphanography, as the approach was then known (21) . Over the last decade and a half, with the advent of broadly tunable near-infrared (NIR) lasers, highly sensitive detectors, charge coupled device (CCD) cameras, amplitude modulation schemes, and image reconstruction algorithms, the field has been rejuvenated.
imaging modalities with diagnostic ability. Light-based imaging techniques capitalize on the changes in the characteristics of light resulting from its interaction with the turbid medium. The photons of an incident short pulse of light that emerge after transiting through a turbid medium, such as, human breast tissues consist of ballistic, snake, and diffusive components (5, 6) . The ballistic component consists of 'unscattered' or coherently forward scattered photons that retain the coherence, polarization, and directionality properties of the incident beam. Ballistic photons travel the shortest path within the turbid medium, arrive early in time and can form direct 'shadow' images of a target whose optical properties, such as index of refraction, scattering coefficient, absorption coefficient, and transport length, differ from that of the intervening medium (5, 6) . The diffusive component comprises photons that suffer multiple scattering events, traverse long path lengths within the medium, arrive late, and lose the coherence and polarization memory. Diffusive photons do not form a direct image, but carry useful information about the turbid medium that need to be sorted out. The snake photons undergo fewer scattering events, and are paraxially forward scattered. The snake photons arrive after the ballistic photons, retain some of the characteristics of the incident light beam, and can form direct images whose quality depends on the time window of their arrival. An earlierarriving fraction of snake photons forms a better-resolved image than a late-arriving fraction. However, for a highly scattering and thick medium, such as full-size human breast, the ballistic and early-snake components are too weak to form a direct shadow image. One then resorts to inverse image reconstruction approaches that make use of the scattered light intensity pattern measured around the medium boundary, knowledge of the incident beam characteristics and average optical properties of the medium, a mathematical model for description of light propagation through turbid media, and numerical algorithm for reconstruction of an interior map of the medium (9, 10).
The efforts to realize the potential of optical imaging have led to the development of a variety of experimental, analytical, and numerical techniques (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . A major thrust was to circumvent the deleterious effect of light scattering by biological tissues on the contrast of direct image (2, 5, 6) . The realization that paucity of ballistic photons would make direct imaging of breast interior impractical led to the development of image reconstruction approaches to extract information contained in the snake and multiple scattered light (9) (10) (11) (12) (13) . The key optical parameters that one attempts to map in optical mammography include the scattering coefficient (µ s ), reduced scattering coefficient (µ s ′) or the transport length (l t = 1/µ s ′), and absorption coefficient that depend on the wavelength, λ of light.
The concepts, techniques, components, and algorithms have developed sufficiently to enable design and testing of some optical mammography systems (14) (15) (16) (17) (18) (19) (20) . These systems use either frequency domain or time resolved optical approaches in an attempt to obtain two-dimensional (2-D) projection images, or three-dimensional (3-D) tomographic images of the breast. While the results are promising, the ultimate goal of high spatial resolution and genuine diagnostic ability still remains elusive. The time-resolved approach has higher potential to enhance resolution since time-resolved measurements provide data over a multitude of frequencies that is essential for high-resolution image reconstruction. However, it is the diagnostic potential that makes optical mammography attractive over x-ray mammography that provides the best spatial resolution compared to other modalities. Spectroscopic imaging offers that diagnostic potential, since the wavelength of light can be tuned to molecular changes in tissue constituents that are associated with cancer.
The key is to identify those changes, and the wavelengths needed to interrogate the effects of those changes.
In this article, we present results of time-resolved and spectroscopic imaging measurements on ex vivo normal and cancerous human breast tissues to demonstrate the potential of these methods. We have developed a fast, time-resolved imaging approach (12, 22, 23) that makes use of the transmitted ultrashort NIR light pulses and a 80 ps resolution time gate to provide a sequence of direct 2-D images. As the time gate selects out different 80 ps duration slices of the transmitted light pulse to form 2-D images, we refer to this embodiment of time-resolved imaging as "time-sliced" imaging. It is an extension of the idea of time-gated imaging using early light (5, 6), whereby temporal slices (or windows) of the entire transmitted pulse are used for recording a sequence of 2-D images, not just an image with the earliest arriving light. Different temporal slices correspond to different sets of photon paths within the tissue, and carry complementary sets of information. The time-resolved approach that we use differs from that used by other groups in the use of detector and mode of data acquisition. We illuminate the sample using an expanded ultrafast beam, and use a gated imaging system to obtain time-resolved 2-D transillumination images with a temporal resolution of 80 ps. Other groups use optical fiber-based delivery of ultrashort light pulses for sample illumination and multi-channel optical fiber-based signal acquisition at a number of positions over the sample surface, or, scan the source and detector fibers in tandem over the opposite sides of a compressed sample. They use fast photodiodes, photo-multiplier tubes, or streak camera to obtain temporal profiles of the diffusely transmitted light and generate images through further processing of those temporal profiles, and use of image reconstruction schemes (15, 18, 24) .
We complement the time-sliced imaging measurements with spectroscopic imaging that uses NIR light in the wavelength range of 1225-1300 nm to explore the diagnostic potential of optical imaging approach (25, 26) . Multi-spectral imaging of breast tissues to date has focused on 2 to 4 wavelengths in 680-975 nm range (18, 20) and mainly interrogates the oxyhemoglobin and deoxy-hemoglobin absorption, and blood volume. The 1000-1350 nm spectral window has not been used much for breast tissue imaging, and can provide useful information associated with absorption by adipose tissue and water (25, 26) , as can be seen from the transmission spectrum of human breast tissue in Figure 1 . The spectrum shows that although the transmittance through breast tissue drops significantly at the adipose absorption peak of 1203 nm compared to that in the 700-900 nm range, depending on the sample thickness appropriate near-resonant wavelengths can be chosen within 1150-1275 nm range to exploit the adipose absorption while maintaining reasonable transmission.
The use of ex vivo breast tissue specimens helps obtain useful information about light transport and optical characteristics of breast tissues that are necessary for use of the approach for in vivo imaging. We explore the efficacy of the 1225-1300 nm NIR window for transillumination breast imaging. In vivo tissues are characterized by higher blood volume than ex vivo samples. Since oxy-hemoglobin and deoxy-hemoglobin do not absorb light in this wavelength range, the information obtained from the study of ex vivo tissues in this wavelength range may better reflect the behavior of in vivo tissues than measurements at NIR wavelengths of 700-1000 nm that resonates with changes in light absorption by hemoglobins.
The remainder of the article is organized as follows. Materials and Methods presents a brief description of the experimental arrangements for time-resolved and spectroscopic imaging, and the ex vivo breast tissue samples used in the experiment. Experimental results are detailed in Results, and implications of these results are discussed in Discussion.
Materials and Methods

Excised Breast Tissue Specimens
The ex vivo breast tissue samples used in the study were obtained from National Disease Research Interchange (NDRI) or Memorial Sloan Kettering Cancer Center (MSKCC) under an Internal Review Board (IRB) approval at the City College of New York. The samples with tumor were obtained following surgery to remove the tumor. These samples contained both normal and cancerous tissues, and were used to test if the optical imaging experiments could distinguish between the two. Some normal breast tissue samples were obtained following reduction mammoplasty. The ages of the female patients donating the specimens varied from 27 years to 63 years.
Overall 11 different breast tissue specimens from different patients were investigated, of which nine samples had cancerous parts and two samples were normal. The types of tumors included infiltrating (or invasive) ductal carcinoma (eight samples), and poorly differentiated carcinoma with sarcomatoid features (one sample). The two normal samples comprised adipose tissues, as well as ducts and lobules supported by fibrous tissues, which together will be referred to as glandular tissues. The lower end of the 1225-1300 nm NIR range used in the spectroscopic study is near resonant with the adipose absorption resonance centered at 1203 nm. The absorption of light around 1203 nm and time-dependent NIR light transmission are significantly different for adipose tissue and non-adipose tissues (lobules, blood vessels, ducts, and fibrous tissues). In subsequent discussion of normal breast tissues images and light transmission characteristics of adipose tissues and glandular tissues will be compared. Both NDRI and MSKCC provided us with surgical pathology reports of the specimens. The providers removed the patient identifiers.
Each sample was received on dry ice in an insulated Styrofoam box. The samples were stored in a refrigerator, and brought to room temperature before carrying out imaging experiments. The samples were cut to 5 mm or 10 mm thick slabs, with lateral dimensions in the 15-30 mm range. Each sample was placed between two glass plates, and slightly compressed in an attempt to provide uniform thickness and good physical contact between adjacent pieces of tissues, and to avoid any void in the specimen.
Results of measurements on four different samples: two with invasive (or infiltrating) ductal carcinoma (IDC), one with sarcomatoid carcinoma, and one comprising normal adipose and glandular tissues are presented in detail as these are representative of the breast tissue samples investigated in the study. Characteristics of these four samples are summarized in Table I . Results of measurements on other IDC samples that included cancerous parts are similar to that observed in the two IDC samples mentioned above, and are summarized in Table II for brevity. The result of measurements on the second normal sample is discussed in Spectroscopic Imaging after the presentation of results of measurements on the first normal sample.
Time-gated Imaging
The experimental arrangement for time-sliced imaging, displayed schematically in Figure 2 (a) and detailed elsewhere (12, 23), made use of approximately 120 fs duration, 1 kHz repetition-rate, 800 nm light pulses form a Ti-sapphire laser, and amplifier (Quantronix Titan) system (27) for illuminating the breast tissue sample. The average beam power used in the experiment was approximately 400 mW. The beam was expanded and collimated to a diameter of 10 cm and a 3 cm diameter central part of it was selected out to illuminate the entire specimen. The expansion and selection of the central part of the beam ensured that the light intensity is not too low at the sample margins compared to that at the center. The ratio of intensity at the margin to that at the center was approximately 0.89 along the horizontal direction, and 0.88 along the vertical direction. The average intensity of 5.3 × 10 -3 W/cm 2 and peak intensity of 3.4 × 10 7 W/cm 2 are well below the safe limits for in vivo human exposure. The light transmitted through the sample was recorded using an ultrafast gated intensified camera system (UGICS) to form 2-D images. The UGICS was a compact gated image intensifier unit fiber-optically coupled to a charged-coupled device (CCD) camera. The transmitted signal was collected by a camera lens and directed to the image intensifier. The UGICS provided an electronic gate pulse whose full-width-at-halfmaximum duration could be adjusted to a minimum of 80 ps. The position of the time gate could be varied over a 20 ns range with a step size of 25 ps (or some integral multiple of it up to 2 ns). The signal recorded by the UGICS at a particular gate position, t i was a two-dimensional (2-D) image, that is, a 2-D intensity distribution I(x, y, t i ) formed by the convolution of the transmitted light pulse with the gate pulse centered on the gate position. A sequence of these 2-D images for different gate positions were recorded and displayed on a personal computer, and stored for further analysis and processing.
The image acquisition and processing was carried out using WinSC 4.1 program provided by LaVision, the manufacturer of the UGICS system. The software was used to display the image profiles, integrate the intensity over any selected area of the recorded image, compare the intensities of two images, or of the different areas of the same image. No further image processing was involved in the study.
Spectroscopic Imaging
The arrangement for NIR spectroscopic imaging, displayed in Figure 2 were used to maintain the average optical power of the incident beam at approximately 35 mW for all the wavelengths used in the imaging experiment. The output wavelength was monitored with a spectrum analyzer. The beam was expanded and collimated to have a diameter of 75 mm and a 35 mm diameter central part was selected for the imaging experiment. The ratio of intensity at the margin to that at the center was approximately 0.78 along the horizontal direction, and 0.76 along the vertical direction. The average intensity of 3.6 × 10 -3 W/cm 2 and peak intensity of 9.9 × 10 5 W/cm 2 are well below the safe limits for in vivo human exposure. A Fourier space gate (28) selected out a fraction of the less scattered image-bearing photons. The Fourier space gate was realized by placing the sample at the back focal plane of a 225 mm focal-length lens and a variablediameter aperture at the front focal plane with the center of the aperture at the focus. A 50 mm focal-length camera lens was placed on the optical axis at a distance of 50 mm from the aperture on the opposite side of the sample. The camera lens collected and collimated the low-spatial-frequency light filtered by the aperture and directed it to the sensing element of an InGaAs NIR area camera. The resulting 2-D images for different wavelengths in the 1225-1300 nm range were recorded and displayed on a personal computer, and stored for further analysis and processing.
The image acquisition and processing used a software package (known as V for Windows) provided by CCD camera manufacturer Photometrics . As in the case of time-resolved images, the software was used to display the image profiles, obtain integrated intensity over any area of the image, and compare intensity distribution in images.
Validation of Optical Imaging Results
Validation of optical imaging results is an important consideration. Initial indication of the pathology of all the investigated samples was obtained from the surgical pathology report provided by the sample suppliers. Further validation schemes following optical imaging of the samples were pursued. Histopathological analysis is ideal for validation of measurements on ex vivo tissue specimens. Histological micrographs of seven of the nine ex vivo cancerous breast tissue specimens investigated in the study were obtained. The specimens were placed in formalin after optical measurements, and were transferred to our collaborators at the New York Eye and Ear Infirmary (NYEEI) for histological analysis.
Alternative validation scheme is needed for in vivo measurements. Magnetic resonance (MR) imaging carried out in coordination with the optical imaging measurements seems promising for validation of both in vivo and ex vivo measurements. While NIR optical spectroscopic imaging provides information about distribution of optical properties that depend on the distribution of chromophores in the breast, MR generates structural and contrast-enhanced images with a high resolution. Coregistration of optical and MR approaches holds the promise to enable monitoring of tumor growth, and changes in response to treatment at both structural and molecular levels (9, (29) (30) (31) .
We wanted to test the correlation between NIR and MR imaging results on ex vivo specimens, and carried out MR measurements on two samples. The specimen was placed in a high grade Pyrex glass (suitable for both optical and NMR studies) container that slightly compressed and retained the tissue axial orientation. Following the optical imaging, the undisturbed sample cell was transported under ice in an insulated box to our collaborators at the Memorial Sloan Kettering Cancer Center and MR measurements were carried out the same day. Weighted T 1 and T 2 relaxation time MR images of the sample were recorded (32).
Results
Time-sliced Imaging
Time-sliced 2-D transillumination images of a 5 mm thick breast tissue sample (Sample #1 in Table I ) comprising a piece of normal glandular tissue and a cancerous piece with infiltrating ductal carcinoma for gate positions of 25 ps, 125 ps, and 375 ps are displayed in the left frames of Figure 3 . The zero position was taken to be the time of arrival of a light pulse through a 5 mm thick quartz cell filled with water. The corresponding right frames present the spatial intensity profiles of the respective images integrated over the same horizontal area in all the images. The salient feature of the images is the difference in time-dependent brightness of the normal and cancerous tissue regions in the sample. In the 25 ps image the cancerous region is prominent. The corresponding horizontal spatial intensity profile exhibits peak in the cancerous region. At this early time, markedly more light was transmitted through the tumor than through the normal tissue. With time both the normal and cancerous tissue regions in the image gained in brightness as shown in the 125 ps image, however the ratio of intensity at the cancerous region to that at the normal region decreased. The brightness is somewhat higher towards the left edge of the normal region compared to other sections of the normal region, but still substantially lower than cancerous region in the 125 ps image. This is attributed to slightly lower thickness near the sample edge. At the sufficiently late time of 375 ps, the normal tissue was highlighted and very little light emerged through the cancerous region. The corresponding spatial intensity profile peaks in the normal tissue position indicating higher light transmission through the normal region than the tumor. Similar time-dependent NIR light transmission behavior was observed in all the investigated breast tissue specimens with invasive ductal carcinoma. Since, the result presented above is a good qualitative representation of the trend in other samples with IDC, we refrain from presenting similar time-dependent 2-D images of those samples, but summarize the results in Table II . Figure 4 shows the results of investigation on a composite excised breast tissue sample (Sample #2 in Table I ) assembled from tissues obtained from NDRI following the modified radical mastectomy of a 30-year-old patient (22). It comprised a lymph node (LN) with surrounding tissues, a piece of adipose (A) tissue, and a piece with normal (N) glandular and cancerous (C) tissue. Each of the pieces was approximately 5 mm thick, and was pressed into a 5 mm thick quartz cell to ensure uniform sample thickness and good optical contact between the adjacent pieces. According to an accompanying surgical pathology report the cancer was a poorly differentiated carcinoma grade III with sarcomatoid features. Figure 4(a) shows a photograph of the exit face (the side that faces the camera in the experimental arrangements of Figure 4(e) , respectively. The two areas were chosen such that one included the normal glandular tissue in the upper right part of the sample while the other included the cancerous tissue in the lower right part to enable close comparison. The timesliced 100 ps image clearly highlights the lymph node, adipose, normal fibrous, and cancerous tissue regions. The contrast is the highest between the lymph node that appears the brightest and the adipose tissue that appears dark in the image in the 100 ps image. The spatial intensity distributions of the 100 ps image, displayed in Figure 4(d) , show the highest peak in intensity values in the lymph-node region and a marked trough in the adipose tissue region indicating much higher light transmission through the lymph node and much lower transmission through the adipose tissue region at early time. More interesting is the contrast between the cancerous and normal tissues in the 100 ps image. As seen in the right side of the image and the spatial intensity profiles of Figure  4(d) , light transmission through the cancerous tissue is significantly higher than that through the normal tissue.
A markedly different situation is observed in the 350 ps image of Figure 4 (c) and the corresponding spatial intensity profiles of Figure 4 (e). The adipose tissue region appears the brightest, and the spatial intensity profile peaks in the adipose tissue region indicating much higher light transmission through the adipose tissue compared to transmission through other tissues in the sample at this later time. What is even more noteworthy, the difference in light transmission through the normal and cancerous regions that appeared so prominent in the profiles of Figure 4(d) is not appreciable at this late time. It is reflected by the close overlapping of the two profiles in the regions of the normal and cancerous tissues in the profiles of Figure 4( the sample with infiltrating ductal carcinoma (Sample #2) presented in Figure 3 . This in turn indicates that light transport characteristics will vary between tissues with different types of carcinoma, as well as between normal and cancerous tissues.
In order to provide a comparison between different samples in terms of a normalized parameter, we estimated the time- In practice, I c (t) and I n (t) values were obtained from the average number of counts around the center positions of the cancerous and normal segments of the spatial profile (such as those shown in the right frames of Figure 3 ) of the image.
The values of contrast, C(t) for different cancerous samples at an early time and a late time are presented in Table II . For comparison it should be noted that the value of C(t) for Sample #1 is 0.97 at 25 ps, and 0.31 at 225 ps, and -1.0 at 375 ps, which are similar to the values of contrast for other IDC samples listed in Table II . The negative values of contrast emphasize the fact that at the early time I c (t) is much larger than I n (t), but can be much lower than I n (t) at the late time. While the values of C(t) show variations from sample to sample, the early-time value is consistently higher than the late time value for all the samples. 
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Spectroscopic Imaging
A proof-of-the-principle experiment was first carried out to test if a spectroscopic difference between tissues in a specimen would provide any distinguishable salient signatures in the transillumination image (25). The optical absorption characteristics of adipose tissues around 1203 nm were selected as a spectral fingerprint. Marks (33) demonstrated that optical transmittance spectrum of a 3 mm thick normal human breast tissue sample, displayed in Figure 1 , in the 1190-1330 nm range was composed of an absorption resonance by adipose tissues at 1203 nm, superimposed on a smoothly varying background caused by light scattering. The normal human breast tissue specimen (Sample #3 in Table I ) used in the experiment was assembled such that the piece in the middle was predominantly composed of adipose tissues, and pieces on the two sides comprised mainly glandular tissues. Two dimensional transillumination images were recorded using light in the 1225 to 1300 nm wavelength range. Some of the wavelengths used were near res-onant with the adipose tissue absorption at 1203 nm, while the other wavelengths were far removed from the resonance. The left frames of Figure 5 present the 2-D transillumination images recorded using the near-resonant wavelength of 1225 nm, the off-resonance wavelength of 1300 nm, and an intermediate wavelength of 1235 nm. Corresponding spatial intensity profiles of the images obtained by integrating over the same horizontal area for all the images are shown in the right frames. The salient feature of the images is that the adipose tissue region appears much darker (less light transmission) than the fibrous tissues in the near-resonant 1225 nm image, and appears as a trough in the resonant 1225 nm profile. As the laser wavelength was tuned out of the adipose absorption resonance, the contrast between the adipose and glandular tissue regions in the image decreased, as can be seen from the 1235 nm image. At the non-resonant wavelength of 1300 nm, no appreciable distinction was observed between the adipose and the glandular regions, and the spatial profile followed the intensity distribution of the probing laser beam.
For a more quantitative description of the observed behavior, we monitored the wavelength-dependent image contrast, C(λ) = (I G -I A )/(I G +I A ), where I A (λ) is the optimal intensity value at wavelength λ on the spatial profile of the image at the adipose tissue location, and I G (λ) is the corresponding intensity in the immediate glandular tissue region. The contrast varied from 0.3 at 1225 nm through 0.06 at 1235 nm to -0.16 at 1300 nm. The negative value of the contrast at 1300 nm indicates higher brightness at the adipose tissue region than at glandular tissue regions at this wavelength.
Similar measurements were carried out on a second normal sample comprising adipose tissue in the middle and glandular tissues on two sides assembled in a similar manner as described above. The sample had a thickness of 10 mm and its lateral dimensions were 28 mm × 12 mm. The spectroscopic images showed the same qualitative behavior as the other normal sample -much lower light transmission through the adipose tissue region at 1225 nm compared to that through the glandular tissue region. Measurements were carried out at 20°C (room temperature) and at 37°C (body temperature). The value of contrast at 1225 nm was 0.59 at 20°C and 0.46 at 37°C. These higher values of contrast are attributed to higher absorption of light by adipose tissue in this sample since it is twice as thick as the other normal sample (Sample #3). The difference in the value of contrast at the two temperatures is presumably related to temperature-dependent changes in absorption characteristics of adipose tissues. The value of contrast decreased at higher wavelengths as in Sample #3. These results demonstrate that a spectroscopic difference between different types of tissues in a breast tissue sample provides distinguishable signature in the optical image. The spectroscopic imaging measurements were then extended to Sample #2, the ex vivo breast tissue specimen with poorly differentiated carcinoma grade III with sarcomatoid features (22). Figure 6(a) shows a photograph of the exit face of the sample that is imaged. Figure 6 darker (less light transmission) than other tissues in the near-resonant 1225 nm image as compared to that in the off-resonance 1300 nm image; (ii) cancerous tissues appear brighter (higher light transmission) than the normal tissues in both the images; (iii) while the overall light transmission through the normal region remains approximately at the same level, that through the cancerous region is significantly higher at 1225 nm than at 1300 nm; and (iv) transmission through the lymph node exhibits a wavelengthdependent variation as well, being higher at 1225 nm than at 1300 nm. The change in image contrast was the maximum for the adipose tissue as the wavelength of imaging light was changed from 1225 to 1300 nm. Adipose tissue region appeared as a much deeper trough in the spatial intensity profile of the 1225 nm image compared to that for the 1300 nm image. As the laser output was tuned away from 1225 nm to off-resonance wavelengths, the contrast between the adipose and glandular regions in the images decreased from a maximum of 0.27 at 1225 nm towards 0.10 at 1300 nm. These results clearly demonstrate that an appreciable spectroscopic difference may significantly enhance the contrast between different types of breast tissues in a transillumination image, and is consistent with the results obtained from adipose and glandular human breast tissues, presented earlier in this section.
Even more promising and interesting is the wavelengthdependent difference in light transmission through the cancerous and normal tissues. As a measure of this difference we may monitor the ratio, R TN (λ) of light intensity transmitted through the cancerous tissue to that through the corresponding normal tissue. Taking the averaged intensity values (34) around the middle of the normal and cancerous tissues [Pixel # 110 in Figures 6(d) and 6(e)], we obtain the value of R TN to be 1.5 for 1225 nm and 1.2 for 1300 nm, a substantial difference. Table II summarizes the values of R TN (λ) for other samples with tumor used in the study. Data for this sarcomatoid carcinoma sample is included in Table II for comparison with the samples with IDC. While the ratio values exhibit sample-dependent variation, the trend toward higher value of the ratio at 1225 nm compared to that at 1300 nm is consistent for all the samples.
Coordinated Time-resolved and Spectroscopic Imaging with Validation
Time-resolved 2-D imaging and spectroscopic 2-D imaging with validation using magnetic resonance imaging, and/or, histological micrographs provide a complete set of measurements for evaluation of the efficacy of the optical imaging approach. Results of such a set of coordinated measurements on a typical ex vivo breast tissue specimen is presented in this section.
The 5 mm thick sample (Sample #4 in Table I ) was obtained following a modified radical mastectomy and lymph node dissection of the left breast of a 63-year-old female at the Memorial Sloan-Kettering Cancer Center. The clinical diagnosis revealed an invasive ductal carcinoma with poorly differentiated histologic grade III/III and nuclear grade III/III. The specimen was placed in a high grade Pyrex glass (suitable for both optical and NMR studies) container that slightly compressed to retain the tissue axial orientation. The value of R TN (λ), the tumor-to-normal intensity ratio introduced earlier, is approximately 2.2 at 1225 nm and 1.5 at 1300 nm, a notable difference.
Time
Magnetic resonance T 1 -weighted images of the front and the back 2.5 mm axial sections of Sample #4 are shown in Figure  9 (a) and Figure 9 (b), respectively. Repetition time for obtaining these images was 500 ms which is greater than 300 ms, the lower limit required for a good contrast/noise ratio (32). Echo time was 16 ms (much shorter than 80 ms) that also implies a fairly good effective-contrast (32). The T 2 -weight-ed images showed no further improvements in image contrast. The magnetic resonance images of the sample correlate well with the optical time-resolved and spectroscopic images.
Figure 9(c) shows a histological micrograph of a section of Sample #4. The upper left part that appear much denser than the rest of the micrograph has an abundance of cancer cells (C), the lower left part has extra-cellular collagen matrix with some interspersed cells, and the much lighter upper right part is rich in normal adipose (NA) tissues. The histology results are consistent with the optical imaging and MR imaging results.
Discussion
The experimental results on all the breast tissue specimens presented in this article show the ability of the optical imaging methods to select key spectral and temporal differences between the tumor and normal tissues. Images recorded with the earlier arriving light highlighted the tumor, while those recorded with later arriving light accentuated the normal region. Our observation is that for the same thickness of tissues, light arrives earliest through the cancerous tissue, next through normal glandular tissues and latest through the adipose tissues in a breast tissue specimen. Early-time images carry information about cancerous regions. Even within the cancerous tissues there appears to be a timedependent transmission of light. Among the cancerous samples investigated, light transmission seemed to be the faster through the infiltrating (or invasive) ductal carcinoma samples than through the sample with poorly differentiated carcinoma with sarcomatoid features. Smaller but noticeable time-dependent variations in light transmission through different IDC samples were observed, which might be related to the level of growth of the tumor. Careful measurements on more IDC samples with different levels of tumor progression will be needed to establish a quantitative correlation. These results show the importance of time-resolved imaging on the picosecond time scale.
Probable reasons for the observed difference in time-dependent light transmission through the normal and cancerous tissues may be: (a) lower overall light scattering, (b) higher forward scattering of light, and (c) higher absorption of light in the cancerous tissue compared with the normal tissue. Cell nuclei are prominent among the cell organelles that scatter light. The size of nuclei (5-10 µm) in normal cell is appreciably larger than the wavelength of light 0.8 µm used in time-resolved imaging experiments. Light is strongly forward scattered by these nuclei. The size of nuclei increases as the cells make transition through the pre-cancerous stage to cancerous stages, and a much wider variation of nuclear size and shape in malignant cells replaces the nearly uniform size distribution of normal cells. Consequently, light in can- cerous tissues is expected to be more forward scattered than that in the normal tissue. The extent of forward scattering will be higher in advanced stages of cancers than in the normal and earlier cancerous stages. Light scattering spectroscopy experiments with normal and malignant cells have lent credence to this line of reasoning (35, 36) . Higher forward scattering of light in cancerous tissue is then a major reason for observed time-dependent transmission. Polarized backscattered light has been shown to provide important histological information (36). Polarization memory combined with spectroscopic and time-resolved approaches may play an important role in backscattering optical mammography.
Normal breast tissues do not absorb 800 nm light appreciably. However, the growth of tumor is accompanied by an increase in blood volume. Consequently somewhat higher absorption of light may be expected in tumors, and more so in advanced tumors. It will also account in part for the observed behavior in time-sliced images.
Spectroscopic images reported in this article are formed by the entirety of the transmitted light that passed through the Fourier gate, as no time gating was involved. Images recorded at all the wavelengths exhibited a higher level of light transmission through the cancerous tissue regions, as those regions appeared brighter in the images. We attribute this overall higher light transmission through the cancerous regions to the higher forward scattering of light in cancerous tissues than in normal tissues, as described above.
Normal tissue regions appeared darker in the 1225 nm images than in the 1300 nm images, as compared to the appearance of the cancerous tissues. Since 1225 nm is closer to the absorption resonance of adipose tissues centered at 1203 nm (33), the observed behavior may be attributed to relatively higher abundance of adipose cells in the normal tissue region than in the cancerous tissue region (37). The absorbing species is presumed to be the CH 2 groups in fat molecules, with the transition corresponding to the second overtone of C-H symmetric stretching mode (38). In particular, the regions dominated by the adipose tissues always appeared much darker than normal glandular, and cancerous tissues in the transillumination spectroscopic images. These results indicate that the wavelengths of light absorbed by adipose tissues could be used as an indicator of pathology. However, it has to be corroborated with measurements at other wavelengths tuned to other chromophores, such as oxy-hemoglobin, deoxy-hemoglobin, water, and lipids. These results further indicate the usefulness of 1200-1300 nm wavelength range in optical mammography. So far this wavelength range has not been substantially exploited for breast imaging (25, 26) . The reasons may be somewhat higher absorption of light, and paucity of commercially available tunable lasers in this spectral range. However, it has been shown that a small absorption helps improve image contrast (39), and depending on the sample thickness the wavelength can be tuned away from absorption maximum to the wing of the adipose absorption band to allow adequate transmission, and still derive the benefit of contrast enhancement. The wavelength range is well suited for application involving on site evaluation of breast tissue specimens removed during lumpectomy, the breast-conserving surgery.
Spectroscopic imaging results are encouraging and may be useful in obtaining diagnostic information. In particular, the wavelength-dependent tumor-to-normal transmitted intensity ratio R TN (λ) seemed to depend on the cancer type. More extensive measurements involving normal tissues and tissues with different types and stages of cancers will be needed to explore if this ratio can be a useful parameter in tumor identification.
The results of optical imaging results corresponded well with pathology and MR results. While pathology is the 'gold standard' for ex vivo measurements, co-registration with MR measurements will be valuable for validation of in vivo optical measurements in the development stages of optical mammography.
Although the measurements presented in this article were carried out on ex vivo breast tissue specimens, the results have important implication for in vivo imaging of breast. The time-sliced imaging approach presented here is intuitively simple, fast, and provides ample data over a wide range of frequencies that is necessary for 3-D image reconstruction (12). A combined time-resolved and spectroscopic 3-D inverse imaging approach with polarization sensitivity will be pursued to realize the potential of optical mammography as a modality for monitoring women's health.
